Octave-spanning frequency comb generation in a silicon nitride chip 
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We demonstrate a frequency comb spanning an octave via the parametric process of cascaded four-wrave mixing 
in a monolithic, high-Q silicon nitride microring resonator. The comb is generated from a single-frequency 
pump laser at 1562 nm and spans 128 THz with a spacing of 226 GHz, which can be tuned slightly with the 
pump power. In addition, we investigate the RF-noise characteristics of the parametric comb and find that the 
comb can operate in a low-noise state with a 30-dB reduction in noise as the pump frequency is tuned into the 
cavity resonance. 
© 2011 Optical Society of America 
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The generation of broadband optical frequency combs 
is of great interest for numerous applications including 
spectroscopy, precision frequency metrology and opti- 
cal clocks [1]. Many of the previous comb generation 
techniques rely on supercontinuum generation spanning 
lOO's of THz in optical fibers using high-power mode- 
locked lasers [2]. The generation of comb spectra span- 
ning an octave is highly desirable for full stabilization 
of the frequency comb through the well-established self- 
referencing technique [3] . Recently, high Q-factor optical 
microcavities have shown enormous potential as a plat- 
form for efficient nonlinear optical processes. One such 
process is four- wave mixing (FWM), which relies on a 
X^^^ nonlinear optical process, where two pump pho- 
tons annihilate to produce a symmetric signal-idler pho- 
ton pair with respect to the pump frequency. In a cav- 
ity geometry, the FWM gain can lead to optical para- 
metric oscillation, enabling the generation of multiple 
new wavelengths. The nonlinear enhancement enabled 
by such a high-Q cavity allows for the possibility of 
broadband parametric frequency comb generation from a 
single- frequency cw laser [4]. Parametric oscillation was 
first observed in silica microtoroids [5-7], and has since 
then has been demonstrated in CaF2 and MgF2 res- 
onators [8-10], silica microspheres [11], silica-fiber Fabry- 
Perot cavities [12], high-index silica-glass microrings [13], 
and silicon nitride microrings [14-17]. Recently, stabi- 
lization of a 20-nm-broad comb [6] and generation of an 
octave-spanning comb [7] have been shown in silica mi- 
crotoroids. 

In this paper, we report the first demonstration of an 
octave-spanning parametric frequency comb in a silicon- 
based microring resonator. This silicon nitride platform 
is complementary-metal-oxide-semiconductor (CMOS) 
process compatible, and the devices are monolithic and 
sealed, such that pump coupling to the resonator and 
system operation are insensitive to the environment. Ad- 



ditionally, high-Q silicon nitride resonators can be fab- 
ricated with (J-factors as high as 3x10^ [18]. The res- 
onator is pumped at 1562 nm using a single-frequency 
pump laser, and we generate a parametric comb span- 
ning from 1170 nm to 2350 nm, corresponding to a 128- 
THz span. This demonstration represents a significant 
step towards a stabilized, integrated frequency comb 
source that is robust and can be scaled to other wave- 
lengths. 

FWM and parametric oscillation are enabled by the in- 
terplay between the nonlinearity and the group-velocity 
dispersion (GVD) in the ring resonator. To achieve effi- 
cient phase matching, the pump laser is operated in the 
anomalous-GVD regime to compensate for the nonlin- 
ear phase mismatch. The cavity geometry results in an 
additional restriction, such that the pump, signal, and 
idler must each overlap with a cavity resonance. The sig- 
nal/idler pair that oscillate at threshold are those that 
satisfy the energy conservation and phase matching con- 
ditions required for FWM [11]. As the pump power inside 
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Fig. 1. Dispersion simulations for the fundamental TE 
mode of a silicon-nitride waveguide with the height fixed 
at 730 nm and widths of 1200, 1650, and 2000 nm. The 
dashed curve indicates the dispersion for bulk silicon ni- 
tride. 
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Fig. 2. Optical spectrum of octave-spanning parametric frequency comb generated in a silicon nitride ring resonator. 



the cavity is further increased, the signal/idler power 
grows, leading to cascaded FWM and multiple wave- 
length oscillations. 

The silicon nitride ring resonators are fabricated on 
a silicon wafer, and a 4-/ini thermal oxide layer is ini- 
tially grown for the undercladding. Next, a nitride film 
is deposited, and both the microring and the coupling 
waveguide are patterned and etched monolithically in the 
silicon nitride layer. Finally, an oxide layer is deposited 
to form the top cladding [14]. The relatively high index 
contrast between the nitride core and the oxide cladding 
allows for dispersion engineering through modification 
of the waveguide cross-section [19,20], and, since the 
dispersion is dependent on the cross-sectional size and 
shape, such engineering can be accomplished without 
changing resonator parameters such as the cavity free 
spectral range (FSR), enabling parametric comb gener- 
ation at a wide range of pump wavelengths [16]. To un- 
derstand the waveguide conditions necessary to achieve 
broadband parametric comb generation, we theoretically 
calculate the GVD using a finite-element mode solver. 
Figure 1 shows the simulated dispersion for silicon ni- 
tride waveguides with a height of 730 nm, and widths of 
1200, 1650, and 2000 nm. The curves indicate that large 
anomalous-GVD bandwidths spanning nearly an octave 
are possible with appropriate cross-section engineering. 

In our experiment, we amplify a single- frequency diode 
laser centered at 1562 nm with a erbium-doped fiber am- 
plifier (EDFA) and inject it into a nanowaveguide using a 
lensed fiber. The input polarization is adjusted to quasi- 
TE using a fiber polarization controller. The nanowaveg- 
uide acts as the coupling waveguide for the microring 
resonator. Both the coupling waveguide and the micror- 
ing have cross-sections of 725 nm by 1650 nm, and the 
microring has a 200-/im diameter. The power inside the 
coupling waveguide is 400 mW when the pump wave- 
length is detuned from a cavity resonance. The output 
is collected using an aspheric lens and sent to an optical 
spectrum analyzer (OS A). 

The pump wavelength is tuned into a cavity resonance, 
such that a stable "thermal lock" is achieved [21]. As the 
power in the microring is increased above threshold, the 
oscillation of a signal/idler pair occurs. Further increases 
in power lead to cascaded FWM, resulting in the gen- 
eration of comb lines, and higher-order degenerate and 



nondegenerate FWM processes filling in adjacent cavity 
modes and increasing the comb line density. The para- 
metric frequency comb spectrum from the microring res- 
onator is shown in Fig. 2. The total spectrum is acquired 
using two OSA's, with spectral ranges of 600-1700 nm 
and 1200-2400 nm. The comb lines are generated over a 
wavelength span of 1180 nm, from 1170 nm to 2350 nm, 
which corresponds to an octave of optical bandwidth. 

We investigate the tuning performance of the para- 
metric comb by monitoring a 5-nni section of the comb 
centered at 1650 nm using an optical spectrum analyzer. 
Figure 3 shows that the three comb lines are red-shifted 
as the incident power is varied from 1.3 W to 2.1 W. As 
the pump power is increased, the resonance experiences 
a red-shift, which is primarily due to thermal effects. We 
observe a frequency tuning range of 29 GHz and estimate 
that the comb spacing undergoes a 36-MHz shift over the 
range of incident powers used. This tuning range can be 
further increased with higher pump powers and higher 
Q-factor resonators. 

Lastly, we characterize the RF noise of the paramet- 
ric comb. We use a wavelength division multiplexer to 
filter a 9-nm section of the comb spectrum that does 
not include the pump wavelength. The filtered portion 
is detected by a fast photodiode, and the electrical sig- 
nal is sent to an RF spectrum analyzer. We simultane- 
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Fig. 3. (Color online) Demonstration of tuning perfor- 
mance of the parametric comb. A 5-nni segment of para- 
metric comb is monitored at various incident powers 
from 1.3 to 2.1 W. The frequency tuning range for this 
range of powers is 29 GHz, and we estimate the change 
in the comb spacing to be 36 MHz.. 
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Fig. 4. (Color online) (a) RF noise spectral of parametric 
frequency comb. A 9-nni portion of the optical spectrum 
is filtered from the comb for RF measurement. The noise 
is measured at four different pump detunings over 10 
GHz as the pump is tuned into the cavity resonance. 
(b)-(e) show the corresponding optical spectra after the 
9-nm section is filtered. 



ously monitor the remaining spectrum using an optical 
spectrum analyzer, and Fig. 4 shows the RF and optical 
spectra. As the pump wavelength is red-shifted into res- 
onance, the RF noise decreases by 30 dB (red curve to 
yellow curve) , and we observe modulations in the optical 
spectrum [Fig. 4(c) and (d)]. We observe a peak near 11 
MHz, which we attribute to relaxation oscillations of the 
pump laser and we are currently investigating this issue 
further. As the pump is further red-shifted into the res- 
onance, the the power in adjacent comb lines equalizes 
[Fig. 4(e)], while maintaining the low-noise state. At this 
time, we have not been able to determine the exact cause 
of this drop in noise although he hypothesize that it is an 
indication of the comb transitioning into a phase-locked 
state. 

In conclusion, we demonstrate octave-spanning para- 
metric frequency comb generation in a monolithically in- 
tegrated silicon nitride microring resonator from a single- 
frequency cw laser. We achieve a 128-THz comb band- 
width with a comb spacing of 226 GHz. The broad- 
band comb generation on-chip offers potential for a 
fully integrated, stabilized, compact optical frequency 
comb source with applications in spectroscopy, metrol- 
ogy, high-speed communications, and on-chip optical 
clocks. While the combs generated here were in the 
near IR, dispersion engineering of the silicon nitride ring 
resonator should enable generation of frequency combs 
at visible and at mid-IR wavelengths, allowing for un- 
matched flexibility in selecting the operating pump wave- 
length. 
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